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SUMMARY 

A s tu dy was conducted by General Dynamics Convair Aerospace Division for the 
NASA Johnson Spaoe Center under NASA Contraot NAS9-1S012 to determine the 
external effects caused by operation of the reaction control system (RCS) during 
entry of the Shuttle Orbiter. The North American Rockwell International Prelim- 
inary Requirements Review (PRR) configuration was used in assessing the effects 
of the proposed RCS installation on control amplification factors and aerodynamic 

heating. 

Applicable an alytio and/or empirical methods were identified from a review of 
available material. These efforts concentrated on jet plume - external flow inter- 
action effects, which as shown later, did not prove to be the significant effect. 
Analytic methods exist for two-dimensional Jets while empirical results must be 
relied on for three-dimensional jets. An experimental program was established 
to extend empirical methods to the PRR configuration. 

Tests were conducted by Convair in the NASA Ames Research Center at Mach 7.4 
and the NASA Langley Research Center at Mach numbers 4.0, 2.95 and 2.5. Force 
data were obtained at all conditions with heat transfer data also obtained in the high 
Mach number test. A description of the simulation parameters and test programs 
as conducted are presented along with a discussion of the final data and analysis 

of results. 

Force data were obtained for the basio airframe characteristics plus induced 
effects when the RCS is operating; the thrusters themselves being non-metric in 
the aft position on the OMS pods. Resulting control amplification and/or coupling 
were derived and their effects on the aerodynamic stability and control of the 
orbiter and the RCS thrust determined. Control reversal with roll and pitch RCS 
and strong pitch coupling when using the yaw RCS were the predominant effects, 
caused primarily by Jet plume impingement on ajacent surfaces and not plume-flow 
field interactions in die classic sense. 

A limit ed assessment of alternate RCS locations pointed to possible alleviation of 
control problems, with acceptable heating design constraints, by relocation of nose 
down pitch RCS Jets on the bottom of the aft body flap. 

Aerody nami c heating analyses limited to the CMS pod based on available methods 
and experimental data indicate a heating problem, which will require local increase 
in insulation thickness to maintain acceptable bond line temperatures. 

Finally an empirical model of the RCS jet plume lmplngement/interaetton stability 
and control effects was developed from the data base and used, along with the aero- 
dynamic heating analysis referred to above, to estimate the vehicle aerodynamics 
and aerodynamic pod heating for the RRR configiiratioti along an entry trajectory. 
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1,0 INTRODUCTION 


Control of the Space Shuttle Orbiter In orbit Is provided by a reaction control system 
mCS) by aerodynamic surfaces during the approach and landing, and by the com- 
S2L TvnoZ control and aerodynamic controls from entry through transition. 
During entry the control requirements are shared with the aerodynamic controls 
being used to trim and maneuver the vehicle while the reaction controls are used to 
provide the dynamic damping of the vehicles response to maneuvers and atmospheric 
disturbances, ngure 1-1 presents an entry profile showing the regions of reaction 
control, combined control, and aerodynamic control for a representative shuttle 

orbiter entry. 

The effect of lateral jet plume inducing significant changes in the total vehicle 
aerodynamic characteristics is well known as "Jet interaction" and has been studied 
for a number of years as a potential control scheme. Thus, RCS plume induced 
disturbances cannot be ignored during the Shuttle orbiter entry but must be investi- 
gated to determine the magnitudes of any aerodynamic interference forces and 
moments resulting from RCS operation in order that Ihe control system performance 
can be verified and its weight minimized. 

This report documents the work performed under NASA Contract NAS 9-13012. The 
basic objectives of this program were to assess the aerodynamic interference effeot 
on a representative Space Shuttle orbiter induced by the reaction control system Jets 
interacting with the external flow over the vehicle and to obtain force and heat transfer 
data of these interference effects. 


The study was conducted in five phases: 

a) Literature Survey and Test Parameter Selection 

b) Model Design, Fabrication, and Calibration 

c) Wind Tunnel Tests 

d) Data Analysis 

e) Configuration Evaluation 

And the results are documented in this report. 


Reference 1 presents the test data for the force tests. The primary tests were* per- 
formed at a nominal Mach number of 4.0 with Mach effects assessed at Mach numbers 
of 2.5, 2.95 and a very limited set at Mach 7.4. The tests were performed primarily 
at Reynolds numbers of 1.0 x 10 6 /ft and 3.0 x 10 6 /ft with a limited amount being obtained 
at 5 x 10 6 /ft to assess Reynolds number effects. The plume simulation was accomplished 
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using tunnel auxiliary air an a "cold gas" simulation through scaled rocket noazles. Tto 
rooMt noaales were mounted separate from the model so that the foroes measured were 
of the vehicle and interference only. 

n . ltMmr for0e teetaPitch, roll, and yaw RCS nozzles were simulated using nozzles 

toet ratio on a reference entry trajectory. The primary force test 
variables were Mach, angle of attack, model geometry, and nozzle supply pressure. 

The heat transfer tests were performed at a Mach number of 7 . 4 using temperature 
L^e^ as the means of obtaini ? heating data. The heating <b, da we e 
obtained at a Reynolds number of 3 x lOVft, angles of attack ^ 25 , 30 , and 35 de 
arees and yaw angles of 0 and 8 degrees. The plumes were simulated uSl ^ n ^ r ^ 
So^teSUas with helium used for two runs. The yaw nozzle was the P^ary nozzle 
simulated and heat transfer data was only taken on the OMS pod containing 
package. Primary test variables were angles of attack and yaw. 

In addition to the force and heat transfer data, surface flow visualization was obtained 
It Mach 7.4 \sing a titanium dioxide oil mixture and at Mach 4 using a fluoreeoent oil 

technique. 

The configuration chosen to perform this study was the preliminary retirements 
review (iSm configuration of the space shuttle orbiter shown in Figure 1-2. he 
reac^nimntrol system used during entry is located * * ^ 

System (OMS) pods located on the rear of the body at the base of the fin. ■ 
shows the location of the thrusters on the OMS pod. Each pod contains 12 engine 
Jtth4 mthe yaw plane and 4 firing up and 4 firing down in the vertical fra *. A 
nominal etttrv uses only 2 of the 4 engines in eaoh plane, however, pitoh control is 

vertical thrusts in both pods symmetrically and roll control 

by asymmetric firing of the vertical thrusters. 
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NOTE A SIMILAR MODULE IS MOUNTED ON RIGHT 
OMS ROD 


Figure 1-3, Rear RCS Package Location 
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2.0 ANALYTIC METHODS 


2.1 LITERATURE SURVEY 

In the of this study it was assumed that the primary interaction would be 

olassio Jet interaction between the flow along the side of the body and the yaw Jets. 

It was envisioned at that time extensive Interaction would occur between the yaw Jets 
and the flow over the OMS pods. The RCS Jets are far from the wing and vertloal 
fin so that impingement on and interactions with wing and fin flow were expeoted to 

be small. 

Therefore, the objectives of the literature survey at the start of the program were to 
review available experimental data, correlation techniques and analytical procedures 
for separated hypersonic flow due to lateral Jet interference applicable to the RCS 
thrusters for entry vehicles. An extensive literature search was performed both on 
a NASA lir&ax tape searoh and a DDC search on Jet and cavity effects under company- 
funded research. More than 1000 report titles were obtained, of whioh approximately 
140 were found of interest to this study. The key objective was to find all experimen- 
tal and analy tical data pertaining to local pressure and heat transfer distribution due 
to cavity and Jet interference and these references are found in Appendix A. 

The reports which were found most suitable for cavity effects are those presented by 
the investigation of reference A-l through A-24. The literature surveys for documents 
applicable to the Jet-flow field interaction are those of references A-21 through A-144. 

Analytical techniques which define the Jet-stream interaction problem for two-dimen- 
sional Jets (slot orifices) are fairly well described by the models utilized for numerous 
studies suoh as by Vaughan, Barnes, et al, Thayer and Kaufman, references A-134, 
-106, -141, and-113, for both supersonic and sonio Jets interacting with a high speed 
str eam . The description of the three-dimensional flow field resulting from the dis- 
turbance of a transverse oiroular jet with a stream is more difficult to define and 
most of the investigations utilized experimental data for their analysis. The free 
stream and jet gas parameters become important considerations to define the inter- 
.action. The majority of the investigations were initiated to obtain the Jet-stream inter- 
ference force augmentation or surface loading. The studies of Strike, Bilig, et al and 
Wilson, reference A-122, A-143, and A-132, resulted In some description of the three- 
dimensional flow field, however, little or no attention has been given to the heat trans- 
fer problem. Only the experimental results presented by Brevig and Strike in 
references A-22 through A-24 were found to be specifically applicable to this study 
and to the OMS pod heat transfer analysis. 

The test results showed, however, that the plume interactions far from the nozzle 
interacting with the separated flow over the wing tip (yaw nozzle) or impinging on the 
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uH«tr trailiofl edge (Pitoh/roll nozzle) are more Important to the induced moments on 

control effectiveness . thus a "£ 

Splume impingement and plume interactions which is presented in Appendix B. No 
suitable documents were found for these problems, 

2 2 JET INTERACTION ANALYTIC MODEL 

An analytic model ot the olaaelc jet Interaction effect, was devel oped from a^ le ^r-^ 
mftfion and Figure 2-1 presents a sketch of a typical three-dimensional laminar Jet et,,a 
toteraoti^flowfieid constructed with the aid of the experimental data of refer ewes 2 and 
^“rLterferogram photograph of Figure «“r the 

Also noted are the pressure rise to several times tham tne puue P 
stagnationline of the strong vortex flow region. Excepttoo £ {“* Jt^wd tten 

Just behind f“f‘^^^^n r otI«oXm Pbeesure tmd 

?SSg 8t h^Sh“t aroStJTjet. As indicated by the sketch, dm jet 

a^" r^dtsHiTlm ^‘sVrXtre^onma^e^ 

^^rTlt^Tw^ rwaU. in the Interior*™® - «*«• 

^.^Se Spring corresponds to a varladen ththe acal gas denslty. tea 

high density region such as a shock wave, the 1 *^** ^ co^Scted 
of the various flow regions over the surface, shown in Figu J ' - 

from experimental data results and photographic observations in laminar fl . 

in turbulent flow, the Jet-atream lnuirao&m will a 

when the Jet dynamic pressure is much higher than the stream aynanuo v 
in laminar flow* 

2.2.1 JET INDUCED PRESSURE - In order to predlct the 

results from jet Interaction It is necessary to predtat the 

^ and the plateau pressure to this region and heth ef these tfuantltlee have 
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ta**n shown by Vaughan (reference 4) and others to be primarily dependent on the Jet 
met^ heightor Mach disc height. Most of the data to date is based on slot 
SjeottOT (2-D) or sonic orifice Injection. However, for a supersonic orifice Adamson 
and NlchoUs (reference 5) have proposed the following correlation: 


* 0.69 Mj 



( 2 - 1 ) 


While for a 2-D slot injection Vaughan (reference 4) used the following relation 
h d " d t (Vj /Cp A- sm«AV < 2 ' 2 ' 

wto«sina AV oorttot. tot the flow iteflecBon up to the disk In e&e ot a turn-norm^ 
injection. 


the experimental data of references 2 and 3 presented in Figure 2-4 Indicate that 
the penetration height,Ht> normalised to the jet exit diameter, dj, can be correlated 
by momentum ratio by the empirical relation: 

0 . 6 ? 



d. 



(2-3) 


where 


$ is the momentum flux 
*j eY 1 P J M J 2 A 1 


2 


Srt A i 

and the jet conditions are taken at the noaale exit. 
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ship WAS obtained by curve fitting the data of figure 2-5: 


[ft Eft 


0.264 


(2-4) 


It abould be noted tot thea© equation- are bated <m air aa to ^ 

medium to a total temperature ratio T o ,/T,^ <* 1,16 eBeot 

specific heat , molecular weight and total temperature will be considered later. 

3 found that a good approximation of the effective slope of the dividing 
streamline is defined by the tangent of the jet penetration height, H, divided by the 
upstream separation distance. xg e p 


tan 6 * H/x 


(2-5) 


The pressure in the separation region can then be obtained from the oblique shock 
relation: 



where f * p^/p 
sep « 
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These laminar flat plate relationships were found to be inadequate for the 
turbulent flow oase and the method used by Vaughan (reference 4 ) for turbulent flow 
prediction would appear to be better. An erapirioal relation was obtained for the separa- 
tion region pressure as function of the upstream Mach number in reference 3 and is 
shown in Figure 2-3 



1 + 0.38 M ref 


while a turbulent separation distance empirical expression 


x ^ 
seb 



turb 


0.635 



(2-7) 


( 2 - 8 ) 


is shown in Figures 2-7. 

The p frflk pressure in the strong vortex region in laminar flow was further correlated 
with the Jet to stream momentum flux ratios and the data presented in Figure 2-8 
gives the following empirical equation 



(2-9) 


A correlation of the location of this peak in laminar flow was also obtained from 
the data of Figure 2-9 



Typical pressure distributions in laminar and turbulent flows on a flat plate around 
a conical nozzle produced by the interference of an expanding supersonic air Jet 
with an enveloping high speed stream is shown in Figure 2-10* In l amin a r 
flow the upstream pressure in the separated region is shown to deorease in magnitude 
as the flow travels around the Jet, due mostly to the increase in local flow velocity. 
This radial plateau pressure, P , decreases to about 50% of the centerline value 
at 0 = 90° , and to approximately %% at 0 * 45® . 
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The effect ef lot gee temperahtre - 

line preeeuve distribution wore also obtained from the oxporuno mm ^ 
retoenoee a and 3 and the foil. wing expression was derived for these effects 


P/P 


ref 


Corr 


- P/P re{ (TP)(MP)(NP) 


(2-U) 


M fdof-nrs tp MP and NP are defined below. The data Indloate 
the plateau and peak pressure for air as a funotion of T 0 j/T 0<e ’ expreS 


TP « 


,0.25 


v T oy °- 4 


( 2 - 12 ) 


sssss K"r e, -“reorri^rr 

available the foUowtng peak pressure and peak m^oe option twto 
for the gas molecular weight based on the ratios of kinetic energy of the Jet gases 

recommended. 

[ < * E U ,a36 


MP 


s m 


(2-13) 


where 


KE • Vj A 


) 

a of four eupersonlo oonioal nozzles operating at the same mass flow rate 

J * £ ’wSSETm** was used to obtain the effeot of Mart*. The 

2S2S22 w ^ 

on the diameter of a single nozzle having the same exit area or 



°+° 

o o 
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where n is the number of nozzles and the distanoe x r was measured from the oenter 
of the cluster. Again, until more experimental data becomes available, the effeot 
of clustering may be taken into aooount by correcting the peak pressure by the factor 

NP « 1/fy/n (2-14) 

Thus the data of references 2 and 3 show that the separation pressures are related 
to momentum ratio as the primary parameter and with temperature and gas effects 
less important. 


2,2.2 HEAT TRANSFER DISTRIBUTION - Typical laminar heat transfer distribu- 
tion obtained from the experimental results of references 2 and 3 around a three- 
dimensional Jet-stream interaction are shown in Figure 2-14. The reference values 
of neat transfer, h * correspond to the heat transfer ooefflolent without Jet-stream 
interactions. It £&ould be noted that the peak values around the Jet are looated at 
the same distance from the Jet as were the peak pressure data of Figure 2-10. The 
effeot of jet gas total pressure on heat transfer is presented in Figure 2-1$ along 
the Jet centerline . Again, the locations of peak values for heating can also be 
correlated with the peak pressure distance. The data indicate that there is a strong 
Jet-stream mixing in the separated region induced by the Jet. The evidence of this 
mixing is further shown in the heat transfer data of Figure 2-16 which presents the 
effeot of the Jet gas stagnation temperature. The effeot of molecular weight is in- 
dicated by the data of Figure 2-17 which compares the air and helium used as the Jet 
gas. The heating is shown to increase with decreasing molecular weight which was 
also found to be true with the peak pressure data. 

The effeot on the state of the boundary layer is shown along the centerline of the Jet 
on Figure 2-18 for laminar, transitional and turbulent flow. The results were 
obtained by increasing the angle of attack of the flat plate. Similarly to the pressure 
data in laminar flow, the jet-stream interaction is shown to affect a relatively large 
portion of the flat plate m laminar flow, while for a turbulent boundary layer, the 
effect is limited to a smaller portion of the surface around the Jet. Also, the transi- 
tional boundary layer Jet-stream interaction heat transfer distributions will have 
characteristics of both laminar and turbulent flows. It is noted that peak heating Is 
most oritical for a laminar boundary layer. The phase-ohange paint qualitative heat 
transfer contours of Figure 2-19 indicate dearly the high heating regions for a 
laminar and turbulent Jet-stream interaction. The paint in these test melts at a 
prescribed temperature and the edges of the dark areas in die pictures are lines of 
constant heat transfer. The dark areas will experience higher heating than the 
remaining surface. This type of data indicate in particular the high heating in the 
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n 


strong vortex region In laminar How which has a horseshoe ehape and a complicated 
flow pattern for a turbulent boundary layer. 

- - xl 


An * was made to oorrelate the peak heat transfer to peak pressure for the 

Uw^rjet-saemm Interaction. This We of correlation la shown la Figure 2-20 
from which a simple empirical expression was obtained 


h/h^f-O.SMP/Pre/'” <2 ' l5> 

Furthermore, since the heat transfer was found to be very sensitive to the Variation 
of the let gas stagnation temperature, the correlation of the data presented in 
Fi^e MOa gives a correction factor to the heat transfer, referenced to the value 


atT/r ® 0.4 as 

Oj Oeb 


'[<** 


,/T )M 

0 oo 


(2-16) 


The effect of clustering and molecular weight on peak heating can be ob ^®? ^ ply 
^£5 ^st a correction to the peak pressure and then use Ike equation from 

Figure 2-20 to obtain the heat transfer value. 
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2.3 RCS PLUME MODEL 


2.3.1 


The let interaction results described in the previous section were (as in all Jet inter- 
action models) given for a surface that is exposed to the external flow and the Je 
alone induces the separation. The question is whether such a model works for aft 
mounted RCS packages on the shuttle. Figure 2-21 presents a 
matton of the wake region at the RCS package. The separation line in MscaseU 
the projection of the wing leading edge rising with angle of attack and shieling 
wing upper surface and OMS pod. Based on such a wake it is evidentthat Jetinter- 
wtton as such would be a low angle of attack phenomenon (*< 15° ) and tot at high 
angles of attack all the jets will be exhausting into a wake region allowing the plum 
to penetrate the flow at some distance from the nozzle. The hypersonic 
approximation would assume that the wake region is a region of dead or stUl air with 
a separation pressure' which can be approximated by a base pressure coefficient 

_ -2 

C - B (2-17) 


This is a convenient assumption to male and is used to analyze the plume and 
impingement characteristics. 


In reality the flow field over the leeward surface of the fuselage of delta wing con- 
figuration wll be very complex at the angles of attack experienced during entty. 
Vorttos will be formed due to wing and body flow separation with J^^*™** 
the side and on the upper surface of the fuselage as shown in the sketch of Figure 2 22. 
In particular, the vortex which reattaches in the region of the pod location is caused 
byto lower pressure region experienced over the delta wing upper s ^ £a f e ^ t a ^ ® 
of attaok, from which the boundary layer separates and leaves the surface as a vorte 
leet of finite thickness which rolls up into a vortex. If the vortex is close enough 
tea surface, the down flow will cause reattachment and resulting Mgh heating rates. 
The severity of this phenomenon is influenced by the Reynolds number, : M^^mbei r, 
angle of attack and body geometry. A quantitative derminatton of this heating with 
^dating analytical techniques will be very difficult without the experimental data 
since it is influenced by numerous interrelated parameters. 
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1 


o a o pt.tttvte shape - If the plume Is exhausting Into a wake region ^ the Pismires 

uSm “ ia ‘ >o8sibi ° *° u8 ° an appr !? « 

field properties by a rooket exhaustin* Into a vacuum as a model. l trop . 
presents a model which assumes that the nossle flow of an .Weal «“ "®“£ 1 ““J 
loflUv from a nearly parallel nozzle of exit radius, rj , and Mach number, Mj . Tne 
2? to field wroxlmetton approaches radlalflow from a point **roe wtare 
most of the mass and momentum were contained In the central core of th J 

density decreasing both along and normal to the > Jet ' cen ^ r1 ^; ^ 

button or a spherical cap at a distance X from the nozzle exit Is given oy 


X a 1 


where 


E 1 



(2-18) 


T~ ’ ( l + (7-1) M) 2 ) 
max V J ' 


- 1/2 


9 • ay ltttiith angle from Jet centerline. 

A similar solution of reference 7 gives the density on the centerline as: 


(2-19) 


where B » 




M 


1 


and 


D(y) * 0.24 for y * 1.4 
■ 0.123 for y“ 1.1 


2-10 


^ ' in- 
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The far-field approximation appear s valid ainoe the ftcs nozzles are small * el ^® 
^^Toro^nple th?«l* i. appproxlmataly 30 nozzle diameters from the 

pitoh nozles. 

the Lockheed 6 point notation of reference 8 developed from die mettarf ol ^raotar- 
latlos solutions Sere e method for oomputtng plume oontoure far from the nozzle end 
was used in predicting the plume impingement area in this study: 


-.663 


f< « 4t (1 + ymV / 4 (1 - Sin ^n)’ 1 


(2-80) 


‘1 X 


°l 


a. 1/4 « 1/8 

« 2 - < 1 + V M „> ( 1 -sine^) 

t 

atX -i-Xmtei(^)= •««« ('mb/ 1 )) 

atX -i- X max; < 7 ) “ °- Wl (Wr,) 

<1 


0.063 


0.992 


atX - j*maxiC{b - 0.8«» < r max'' r )> 

The ntame diameter at the wing was computed using the 5 point method and then an 
assumption similar to the vacuum solutions of lsehtropio flow from the nozzle was used 
to determine the plume Maoh and pressure at that point: 

a » 9 plums IMPINGEMENT - The reaction control systems Jets exhausting downward 

will tmptageon the wing and body flap, tt Is also possible that the upward firing Jets 

may impinge At an oblique angle on the fin. 

ag saB tgA^'gfeT^gga^ , 

^e “ow field at plume impingement. A detached shook »ave 

close to the surface would be formed by the high Maoh number flw ' [*& t 

plate. The expansion of the jet is unaffected by the shook wave or the surface ^at 
caused it because it is at high supersonic Maoh number. A region of subsonic flow 
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exists between the *rm* 

m ** «• «**r seel* TK r*S«“ «—• «« *• 

becomes supersonic atslwrlved at the following 

shook stand off distance A from a mass flow Diuanoe 

relationship 



( 2 - 21 ) 


where K * 

Pi 

A nd from normal shook reactions. 


£2 - (Y + !) ^1 
^1 


2 


( 2 - 22 ) 


(v-i) 


+ 2 


T * standoff distance W was used as « ““ 

5 point method ^escrtbeda^'O tod^ine^^ £ distance to the plated It was 

ssssra-w 


p ** 


l.W-X PjM^oos 2 * *P t 


( 2 - 23 ) 


because ot the high Maob ttatfcs ^nation 

lurther assumed in the „ *» wh ^ regional plume Impact because 

S7SI 00 the plate will beep the pressure from decking 

as (00s 2 *). 
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2.4 SIMULATION PARAMETERS 

2. 4. l JET FLOW PARAMETERS - Thayer (roferenco 9) showed from a dimension- 
al analysis that any appropriately non-dimensionalized flow field property (FP) for 
plume flow interaction depends on the following set of dimensionless groups 


f P R T D P ; T v 

FP»f |R ei ;, y ^ M j * * p ^ 1 i/ ’ ’p^’t^” / 


(2-24) 


where 


- Reynolds number 


= local Mach number 


= local ratio of specific heats 


Jet Mach 


«* Jet specific heat ratio 
= Jet supply pressure 
* local ambient pressure 
** exhaust gas constant 
» exhaust gas stagnation temperature 
= external flow gas constant 
** local ambient temperature 


Jet exit diameter 


= reference length 
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in ft aub-soale test program, several parameters can be matched by using a 
modal tested at the correct free stream Mach number. Excluding conditions where 
real gas effects beoome important, matohing the free stream Mach for a correo y 
scaled model results in correct values of local conditions of 

Scaled geometry of the Jet exit will also insure matohing 

D j/L» 

leaving Reynolds number and Jet properties still to be handled. Since 
pressure id temperature in a wind tunnel seldom match free stream properties 

a parametric variation of 

R_ , ^21 . 

L P * V, 

oan be made to determine the influence of the mismatch of the values on the flow 
field property* The need for simulating the energy ratio, ^j t oj' r x t x* d6pem 
upon the magnitude of this ratio. Thayer has shown that littie effect wa^ observed 
when this value was below a ratio of 9. Thus, if *e full scale ratio is 9 or below, 
anv cold sms simulation should be adequate based upon his oriteria. The jet 
ZrtuZTTe quations 2-12 and 2-13, however, did show that gas temperahtre 
and molecular weight do exert a secondary effect on P^tcau presBur 0 . Values 
of the jet Mach number and specific heat ratio must be handled d f® reut ^; S ^° e 
sub scale nozzles typically would not represent a realistic simulation of the full 
scale RCS unit, it becomes difficult if not impossible to match Jet P'°P« rtl ® 8 - 
However, as Pindzola showed m reference 10, it is the ratio of Jet-to-looal 
properties and not the absolute values of gas properties which are significant, t 
thenbecomes a problem of establishing which simulation parameter is sigttf ioirnt 
in that the oost of simulation grows enormously as more parameters are simulated. 

The simulation parameters established by pindzola are summarized in Table 2-1 
along with the addition of Herron’s parameter for correlating plume size. 

The first two parameters in Table 2-1, the boundary in a quiescent and a moving 

stream, represent matohing the plume initial turning angle, tv, as it 

nozzle. This would be important primarily in conjunction with Herron s parameter, 

reference 11, which is a correlating parameter for plume size 

dependent upon P 0 j /P„ in defining the Mach number of a fully expanded plume 
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Table 2-1. Summary of Soallng Parameters 


GENERAL 


CHARACTERISTIC SIMULATION PARAMETER 


Boundary in 

Quiescent Medium 


Boundary in 
Moving Stream 


TiunentiCfed Shuck 


Maas Flow 


Kinetic Energy 


internal Energy 


Enthalpy 


Momentum 


(-r) A 

\ p l/ rj M - 

\ p 2“ P Jp 4 S 


p iM M i 


p iVi M i K 
^fy.MflRT) A? 


p 2 y M 3 (RT) A 2 
y j M ] 2 (RT) j 

y M 2 (RT) 

(y<8 - l)(ftT)j 

<y, - 1K RT >„ 

(yj - 

p y M a A 


Thrust 


Sound Power 


lyM 




Herrons parameter 


j 5/a,--. 7/2 

yj <RT>. 
“iFfi 
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It would represent plume Impingement In » qutasoent medlm wMre 
IJOL «« 0 a t a-24 show P rt ./P«. to be an important parameter, the total 

Si. 

assaLrwrsas^nssr 

nozzle. 

Jet Interaction In the olaaslo sense la beet simulated by mementnm ratto matoMng 
,« „«« be seen from equations 2-3 through 2-8. This parameter establishes the 
Mach disc or let penetration height which la tnra dellnea the separated and re^ttwh- 
lng zone pressure a«d heat transfer behavior. 11 exit pressure dtoug 

wtth momentum ratio on a model tested at the ootreot free stream Msob ««*«. then 
thrust ratio Is also matched. At higher exhaust Maoh numbers. - Mj 
boundary criteria (lnlllal turning angle) will be closely simulated allowing matohlng 
of three Pindzola parameters simultaneously for a soaled nozzle. 

Plndzolrfs parameters allow for scaling nozzles wtere the test Much number does 
not equal that of the free stream. Such a test would violate Thayer s or r 
(equation 2-24) because the local Maoh number (M^ wc dd be incorrect. The 

resultant error may not be large if the interaction is not <^* e *^*2*^T 
a phenomena observed for other aerodynamic behavior in the hypersonic Mach region. 

2.4.2 REACTION CONTRO L SYSTEM ENGINE PBEFQKMA.^E ~ the reaction 
001 . .ol system engine which was selected to use in this study by NASA-JSCisa 
hvdrazine (NrtH.) monopropellant thruster using catalyst beds for propellant 
l^poflittott. 2 hydrazine decomposes into ammonia, hydrogen and ^<«en^a 
monopropeilaitt. The reaction takes place in two separate steps. The first step 
is the reaction of hydrazine into ammonia and nitrogen. 


3N 2 H 4 -4NH 3 +N 2 
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Tho second step is in the decomposition of ammonia into nitrogen and hydrogen 

2NH 3 -N 2 + 3H 2 

The first reaction is exothermic and the seoond is endothermic. The combustion 
temperature of the gas is therefore a function of the amount of the ammonia de- 
composed, X, which will affect the performance of the engine. Figure 2-24 
summarized the performance of the RCS thrusters. The gas chamber temperature, 
molecular weight and composition were obtained from reference 12 . Using a 
combustion temperature of 2000° F, the following gas composition and molecular 
weight is obtained with about 40% ammonia dissociation. 

N_ « 28% 

H 2 « 36% 

Ntt = 36% 
o 

M = 14.7 Ibm/mole 

Using an exit to throat area ratio, A./A^ of 20, a Jetgas exit temperature of about 
room temperature will be experienced and a Jet exit ratio of speoific heat Vj = 1.22 
was obtained for the mixture of gases. 

2.4.3 TRAJECTORY AND NOZZLE FLOW PARAMETERS - 
The reference entry trajectory used to establish the flight environmental conditions 
was the Rockwell nominal guided entry trajectory (trajectory number 2007) provided 
by NASA -JSC and is shown in Figure 2-25. The Reynolds number for this trajectory 
is shown in Figure 2-26 based on the vehicle length of 112 feet while, the ambient 
pressure history is shown on Figure 2-27. Figures 2-28 to 2-34 present various full 
scale nozzle flow simulation parameters based on the trajectory of Figure 2-25 and 
the nozzle data from Station 2.4. 2, . The decline in the momentum ratio curve above 
Mach 8 in Figure 2-20 occurs only over a limited Mach range and at higher Mach num- 
bers the momentum ratio rises to a value near 1000. Based on the assumption that Jet 
interaction parameters would hold for this problem also; the most important parameters 
to matoh are momentum ratio and thrust ratio. However, thrust ratio is matched 
and plume turning angle 1 b approximated for a scaled nozzle when Jet exit pressure 
ratio and momentum ratio are matched simultaneously at a matohed free stream Mach 
number test condition. These two parameters (exit pressure ratio and momentum ratio) 
were then chosen to be matched at flight and test Mach numbers of 7.4, 4.0, 2.95, 
and 2. 6 using the computer program of reference 6 to size the scale nozzle. When 
free stream Mach and tunnel Mach are the same the Jet exit Maoh (Mj) scales directly 
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by tbs ratio of the y of the rodtot exhaust to the test gas to be used. 

- to - - - «•-« 

parameter. 











ion for Laminar , Transitional and Turbulent 
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Repp/FT P q i (Pgla) 

O 3.7 XlO 6 41 

A 3.7 XlO 6 115 

□ 3.7 XlO 6 235 • 

V 0.7 XlO 6 246 

O 0.7X106 122 



*j/*ref 


Figure 2-4. Correlation of Supersonic Jet Penetration Height 
in a High Speed Stream Over a Flat Plate 
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Figure 2-5 Correlation of Supersonic Jet Laminar Upstream Separation Distance 
in a High Speed Stream Over a Flat Plate 


2-23 


CASD-NAS-J73-Q2Q 


Mj * 2.84, dj * 0.5 IN* T 0 j/T 0 oo*0.4 

P Q j * 235 psia 

£ 

O 11* 
A 20® 
O 29° 




Figure 2-6. 


Correlation of super sonic Jet turbulent Upstream Plateau Pressure 
in a High Speed Stream Over a Flat Plate at Angles of Attack 
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Figure 2-7 • Correlation of Supersonic Jet Turbulent Upstream Separation Distance 
in a High Speed Stream Over a Flat Plate at Angles of Attack 
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figure 2-8. Correlation of Supersonic Jet Laminar Peak Upstream Pressure 
in a High Speed Stream Over a Plat Plate 


jfr 


CASD-NAS-73-020 


M, 


oo 


Mj 


2.64 


O 

A 

□ 


Regp/FT 

3.7 xlO 6 
3.7x10® 
3.7 xlO 6 


°1 

40 

118 

233 



V*ref 


Figure 2-0. Correlation of Supersonic Jet Laminar Peak Upstream Pressure 
Distance in a High Speed Stream Over a Flat Plate 
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Figure 2-11. Effect of Jet Gas Temperature on Laminar 
Jet-Stream Interaction Pressure Distribution 
Over a Flat Plate at or * 0* 
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FUuw 4-13. Effect of Molecular Weight on Laminar Jet-Stream Interaction 
Pressure Distribution over a Flat Plato at a - or 
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Figure 2-13. Effect of Nostale Clustering on Laminar Jet-Stream Interaction 
Pressure Distribution Over a Flat Plate at a m o 6 
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Figure 2-14. Typical Heat Transfer 
Jot-Stream Interaction 


Distributions A sound a Three-Dimensional 
.Laminar Flow over a Flat Plate at a * 0° 
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Figure 2-15. Effect of Jet Ofts Pressure on Laminar Jet-Stream Interaction Heat 
Transfer Distribution over a Flat Plate at o ® 0° 
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ruuM a-14. Effect of Jet Qua TempeiMta** « Uaiamt . 

W1 ™ tnferaotton Heat Transfer Distribution over a Flat Plate 
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2 is Tvnical Upstream and Downstream Heat Transfer Distributions 
fSrTteoe-DlmenrtoMl JM-stream IttteraeUon In L&ttlnaf, 
Transitional and Turbulent Plows 
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b) Turbulent Flow a • 30® 


Figure 2-19. Typical Phase Change Paint Data which Indicate High Heating 
Regions from Three-Dimensional Jet Stream Interaction 
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Figure 2-20. 


Correlation of Peak Meat Transfer to 
Dimensional Jet-Stream interactions 


Peak Pressure for 
in Laminar Flow 


_U 

100.0 


Three- 


CASD-NAS-73-020 


M.-8 Re a) «3.7xl0 6 /Ft 


P , ■ 235 psla 

oj 



Figure 2020a, Correlation of Jet Gas Temperature Effect on Peak Heat Transfer 
for Three-Dimensional Jet Stream Interaction in Laminar Flow 
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Figure 2-25. Trajectory 
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Figure 2-28. Jet Exit Pressure Batio 
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3.0 EXPERIMENTAL PROGRAM 

3.1 TEST PROGRAM 

The NASA-ARC 3-1/2 ft Hypersonic Wind Tunnel (reference 13) was utillaed for 
hypersonlo oil flow, heat transfer and limited force tests. This laclllty Is a blow- 
down tunnel with a steady-state testing time of about 1 to 2 minutes. The pump time 
between runs is from 1 to 1-1/2 hours and the air Is pumped from vacuum jpheres to 
high pressure bottles. During the pump time, a pebble bed heater IS heated to t 
desired tunnel stagnation conditions using gas heaters. The tunnel Is run by pas ng 
the high pressure air through the pebble bed heater through an axl^mmetrlo n^zle 
Into the test chamber whloh IS connected to the vacuum spheres. The nozzle and test 
s ed&oh are cooled by helium which Is introduced through an annular slot in the nozzle 
at the subsonic entrance. The tunnel has a nominal Mach range of 5 to 10 with 3 
fixed Mach number nozzles, with a usable test core of about 25 Inches; however, the 
Mach number 7.4 was the only nozzle used during this test program, 
at a nominal Reynolds number of 4 x 10 /foot. 

The model support system Is housed In the test chamber on the right side of the 
nozzle. This system Is hydraulically actuated Into and out of the flow and servo- 
controlled over an angle-of-attaok range of ±18° . A sting off-set adapter was used 
to achieve an angle -of-attack range of +2 to +38’ degrees for this test. Two yaw 
adapters^ ) were also used during these tests. The model is injected from the 
sldte into the nozzle flow after tunnel start and the model Is retracted In a similar 
manner. Injection or retraction transient to or from the tunnel centerline Is about 
0. 5 seconds. Operation of the wind tunnel is automatic with tunnel total pressure 
programmed into a controller prior to a run. Angles of attack were manually se 
during a run, yaw angles were set between runs. 

Force and pressure data were recorded on magnetic tape and were reduced ^Une. 

Heat transfer data was recorded by a 170 frame/second movie camera mounted in the 
test chamber using temperature sensitive paint as the test medium. OUflow data was 
obtained using a tltanum/oxlde vacuum oil mixture on the model and taking still 
photographs after the run was completed. 

Test section 2 of the Langley Research Center’s 4 x 4 ft Unitary Plan Wind Tunnel 
was used for supersonic force and flow visualization tests. The test section 2 
(reference 14) has a nominal operating range from Mach 2.3 4,7 . 

section dimensions of 48 Inches by 52 inches by 84 Inches. The Unitary Plan Wind 
Tunnel (UPWT) Is a continuous flow facility In which the Mach number Is controlled by 
an asymmetric sliding nozzle block and in which tunnel stagnation pressure 
and temperature can be controlled Independently of Mach and of eaoh other. The tunnel 
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conditions used (or this test program included: 


Maoh 

2.5 

2.96 

4.0 

4.0 

4.0 


Reynolds Number 

3 x 10 J/ft 
3 x 10 6 /ft 
1 x 10 6 /£t 
3 x 10 6 /ft 
5 x 106/ft 


P 0 Tunnel 


17.68 

22.47 

13.67 

41.02 

68.38 


PSLA 

PSA 

PSA 

PSlA 

PStA 


T 0 Tunnel 

160* F 
180* F 

175° F 
165* F 
178* F 


The model molded ed dmedlueu^addleo^o^^^ £ 

"ere set to a maxlmam .** 

The model force data was obtained from a NASA provided lmernw v* 

(Langley Balance Number 838) and a limited set of oil flow tuna were made us ng 

fluorescent oil technique. 

atagsgsasaS g^a^ 

as defined by M drawings (reference ^ oftst or machined 

Langley UPWT. The model consists of the following parts wmen were ca» 

from 17PB stainless steel. 


a. removable nose 

b. upper fuselage afterbody 

o. lower fuselage afterbody for wing-off 

d. lower-aft fuselage cover (heat shield/cover) 

e. fuselage afterbody fairings 

f. OMS pods 

g. vertical tail 

h. tail-off block 


l. wing 

j. manipulator fairing. 

k. wing tip du mwi y RCS pod 

1 * adapter for the 6-component balance 

m. non-metric RCS plenum and supply line 

n. seven (7) norale configurations 

o. RTVOMSpod 


Two Idttattd OMS pod. were madoj owftom amlnl e.. 

and the other with an RTV rubber covering for heat transfer tests. Tne 
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OMS pod has a white grid on the surface to assist In the heat transfer data reduction. 

In addition one left nozzle blook In a yaw nozzle configuration was also fabricated with 
an RTV covering for the heat transfer tests. Figure 3-2 presents two views of the 
oomplete model showing the RTV rubber OMS pod and nozzle installed on the left side 
of the model and set of pitoh/roll nozzles installed on the right side. Reference 1 pre- 
sents a oomplete set of model drawings. 

The oomplete model except for the reaction control system plenum and nozzles was 
mounted on an internal force balance which was attached to a sting as shown in the 
sketch of Figure 3-1. Thus the force and moment data obtained during the test did 
not i nclude the thrust and thrust moments but only the basio configuration and the 
induced loads from Jet interaction. Figure 3-3 shows the location of the Jet nozzles 
relative to the moment reference center of the model. 

Seotion 2 presented the reaction control system engine characteristics and the flight 
parameters which were to be matched in the wind tunnel tests. Four test Mach 
numbers were selected at which the flight conditions would be used to design nozzles 
matching full scale pressure ratio, either momentum ratio or mass flowrate and 
air or helium as test gases using the computer program of reference 16 to size the 
nozzles. The three conditions included air as test gas matching momentum ratio and 
pressure ratio whioh resulted in a scaled nozzle with an expansion ratio -of 7.37, air 
as the test gas matching mass flow ratio and pressure ratio whioh resulted in a 
scaled nozzle with an expansion ratio of 2.58; and helium as test gas matching momen- 
tum ratio and pressure ratio which resulted in a scaled nozzle.with an expansion ratio 
of 3.62. 

The model nozzles were then designed as 15 degree oohioal nozzles with a circular 
throat one diameter in length. Five yaw nozzle blocks were fabricated as shown in 
Figure 3-4 and include: 

a. N - Twin nozzle yaw configuration having an expansion ratio 
of 7. 37 

b. N. - Twin nozzle yaw configuration having an expansion ratio 
of 2. 58 

c. Ng - Twin nozzle yaw configuration having an expansion ratio 
of 3.62 

d. Ng - single nozzle yaw configuration having an equivalent nozzle 

area as (a) above with an expansion ratio of 7.37 

e. N ? - Twin nozzle yaw configuration in RTV surface having an 

expansion ratio of 7 . 37 

These yaw nozzles were soarfed by computing the theoretical nozzle exit diameter 
to a flat surface at the outside of the blook contour and contouring the block after 
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^ A+iUaA The twin nozzle configurations were located so that the 

lTe^Slamete,Tapart. AUyaw Mta m 
perpendicular to the longitudinal oentsrllno of the vehicle and parallel to the xy 
plane* 

Two pitch/ roll nonale niocha were "J^"naT^er 

- t The ^eaareperpen- 
diculnr tothe vehiole centerline and are parallel to the vehicle plane of 
Model strength recrements prevented 

to the edge of the nozzle block as would be desired for scale Ration resmung 
nozzles located 0. 25 inch ihboard of the scale location Figure 3-3 shows the 
nozzle location relative to the moment reference center. 

Ttolw w«1s Data was obtained at 5 psia and 3 psla backpressure In the 

Hr,: s* 

Sstt355^jss=ssa- 

calibration curves. 

The teat gases used at NASA-Ames were dry nitrogen and helium which wer e supplie d 
tank truck of gas which was the primary supply ,m) mTused 

' S *2* L 'TZSZSZSZST 

(TD3) on a digital volt meter. Gas flow into the plenum was turned on and off u log 
the solenoid actuated valve. 

ts£ crjsrx™ 

high pressure line Immediately aajacera w w» »*““ * » avstem 

almtirtf to that shown In Figure 3-6 In a more slmplfied form. The gas syste 

operator was located next to the towel ^e°3-6 without the 
the flow control system at Langley. 

„ ^ to two test facilities required a different foroe balance was used 

at^eacMaoUlty. Alhak Mark HV 1 Inch balance was used at the Amee hypersonic 
tonaB\ which has an allowable load range of: 
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a. normal force 800 lb 

b. side force 400 lb 
o. axial force 100 lb 

d. pitching moment 1600 in lb 
e« yawing moment 660 in lb 
f . rolling moment 250 in lb 

The balance used for the tests at the Langley Unitary tunnel was the Langley 839 
1.25 inch balance which has an allowable load range of: 

a. normal force 800 lb 

b. side force 200 lb 
o. axial force 60 lb 

d. pitching moment 1600 in. lb 

e. yawing moment in. lb 

f. rolling moment 400 in. lb 

The pr imar y test objectives were to obtain force, heat transfer, and oil flow data 
from the model with and without RCS simulation in order to determine the interaction 
effeots between the RCS plumes and the airflow around the vehicle. However, in 
order to determine the nozzle thrust for correlation with the other data one pressure 
measurement was required in the model nozzle plenum chamber as shown schematic- 
ally in Figure 3-6. In addition one copper-constantan thermocouple was mounted in 
the nozzle plenum chamber as is shown schematically in Figure 3-6 to provide a 
direct measurement of the temperature of the gas supplied to the nozzles. This 
gage proved to be fragile during the test programs, however, and little useful 
data was obtained from it. 

During the heat transfer tests at NASA-Ames additional Iron-Constantan thermocouples 
were used to measure the temperature of the RTV surfaces of the OMS pod and the 
RTV yaw nozzle block shown in Figure 3-2. 

3 t i # 2 TEST PROGRAM - The hypersonic test program which was performed at 
NA SA -ARC (HWT test 156) at a Mach number of 7.4 included 17 oil flow runs, 

14 h eat tr an sf er runs, and 4 force runs as shown in Tables 3-1, 3-2, and 3-3 
respectively. Six force data points were obtained on each of the four force runs; 

Jet on and Jet off at three angles of attack. The data was taken in this manner to 
mixdtDlzQ tiie effeots of temperature on balance output between the Jet on and off 
data points. The nozzle chamber pressure given in these tables are nominal values 
set for a given run. 
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Table 3-1. Oil Flow Runs at M = 7.4 























Table 3-3. Force Runs at M - 7.4 
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Table 3-4 presents the foroe and oil flow supersonlo test program performed at 
the Langley Unitary Plan Wind Tunnel (UPWT test number 1031) at Maoh numbers 
from 2.8 to 4.0. Eighty two (82) foroe runs were obtained as were four (4) fluorescent 
oil flow runs. The primary runs for Maoh number effect were made at a unit 
Reynolds number of 3 x 10 6 /ft while Reynolds variation from 1 x 10 to 5 x 10 /ft 
were obtained at a Mach number of 4,0, The effeots of nozzle and vehlole geometry 
were tested at a Reynolds number of 1 x 10 6 beoause the lower tunnel pressure made 
It possible to test a larger range of nozzle static pressure ratio wllh the existing air 
supply. No gas Is shown on Table 3-4 because all of the tests were made using dry 
air as the test gas. In addition to the force data, Schlleren photographs were taken 
at angles of attack of 20° for Mach 2. 6 and 2. 90 and at angles of attack of 25° , 30° , 
and 36® at Mach 4 on most data runs. 

The test was made with natural transition. All data were corrected for balance and 
sting deflections due to aerodynamic loads. Flow angularity corrections were made 
from existing flow calibrations. No adjustment was made to axial force or drag data 
for cavity or base pressure. 

The reference dimension values used as the constants In the data reduction 
equations to convert the measured forces and moments Into aerodynamic coefficients 

are: 


2 

a. reference area (A^j) * 0.7245 ft 

b. longitudinal reference length (° MAC ) * 6569 

o. lateral-directional reference length (b ) = 1.2896 ft 

2 rei 

d. cavity area ( A cavl< y) 83 0.03883 ft 

e. reference moment center 
I, model station 15.951 
S. model waterline 6.000 
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Table 3-4. Langley UPWT Test Schedule (Cont'd) 









Table 3-4. Langley UFWT Test Schedule (Coat'd) 








Table 3-4. Langley UPWT Test Schedule (Coat'd) 
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Flflure 3-3 presented a diagram showing the location of the 

ttTLdelarf baianee oenters. All data was run at aero oonttol deflection ea the 

control surfaces. 

fhs data presented in this report will be body axis data. This was done to reduce 
tte data! manipulations required to obtain the incremental induced affects from the 
balance measurements. 

<i i a hata ACCURACY - Table 3*4 shows that a number of repeat data runs were 

tor the baste cotton w«h no Jet simnUtlom 

These repeat runs include the following conditions: 


a* 

4 

runs at M = 

4. Op 

Re 83 

1 x 10 6 /ft 

b# 

4 

runs at M « 

4. 0« 

Re » 

a x io 6 /ft 

• 

c # 

2 

runs at M « 

4.0, 

Re » 

5 x io*/ft 

A 

do 

4 

runs at M * 

2.93 

, Re * 3 x 10°/ft 

6e 

4 

runs at M « 

2.3. 

Re ® 

3 X 10”/lt 


2 

runs at M = 

4.0, 

Re * 

1 x 107ft, 

*• 

e* 

2 

runs at M « 

4.0, 

Re « 

1 x 10 6 /ft, 


* 2 . 6 ? 

* 5 * 

and these 22 runs were used to evaluate the data accuracy. A ^eanv^erf^e 
of attaok and of .11 the aerodjmsmle ooefflclenta^^pu^f^h^ 

SrSrSs. 

fouls w. The most probable error la the value for 
which the probability of this error is 80%. 
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In order to work In coefficient form It Is necessary to divide the most P*^ 1 ® 
error by the test oondltlon dynamic pressure and the model reference conditions. 
Thus Inooeffldeut form the error U worst for -the lowest 


form 




(3-1) 


where AK # » error In force or moment amplification 

M 

ac B balance force or moment error 
B 

AC ■ thrust error due to pressure instrumentation 
T 

C m thrust foroe or moment coefficient 
T 

Figure 3-7 shows the error for the force and moment amplification factors as a 
function of nozzle supply pressure. These data are plotted against nozzle chamber 
pressure rather than thrust since it is easier to compare with the run schedule in 
this manner. The normal force amplification will have a large scatter at all 
pressures and would not be expected to be very good. In contrast the moment ampli 
fication factors should have reasonable scatter. 
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3.2 HEAT TRANSFER DATA SUMMARY 

The space shuttle force model which was modified by fitting the silicone rubber OMS 
pod and nozzle Inserts was tested at a nominal Mach number of 7.4 and a nomi 
Reynolds number per foot of 3. 75 x 10 Q . The angle of attack was varied from 25 to 
35° and the yaw angle from 0° to $> . Jet on and Jet off conditions were simulated 
using both nitrogen and helium as the Jet gases. A summary of the run sohedule, me 
test conditions, the model attitude and the Jet gas conditions are given In Table 3-5. 
The exact tunnel test conditions varied only slightly from the nominal values shi :;n 

In that table. 


3.2.1 HEAT TRANSFER TEST PROCEDURE 

Prior to a ran, the silicone rubber surface of the model w« cleaned with a solvent a 
sprayed witha^ relatively thin ooat of a seleoted (Tempting® ) temperature sensitive 
S T Cafat displays a phase change from an opa^e solid fascofarlessllquid 
at a known temperature. The paints used In this test changed phase from 169 Ft 
331’ F. Uncertainties In the specified phase change temperature are estimated ^ the 
manufacturer to be one percent. The OMS pod and nozzle Inserts surface phase 
r^^£lon?X each run was continuously photographed by a 35 mm camera 

Online monitoring of the progression of 

wasdone through a dosed clrouit video system. The 35 mm ‘‘ 

about 10 frames pet second and fluorescent light illuminated the model. The camera 
^Tsfa^TfL Teo^is before the beginning of the injection cycle and remained on 
^lte^^“ ««ted frem the airetream. The model 
wfta mea sured using a thermocouple embedded into the rubber part of the model. 
I^TrlC^l was removed, reside* p*nt washed off with a solvent and re- 

painted for another run. 


The data reduction of the phase change paint technique assumes that the surface 
temperature of the rubber model Is equivalent to the heating of a semi-infinite 
slab with a backface temperature that remains constant during the test event. 
Assuming that the silicone rubber material thermophysical properties are in- 
variant with temperature the heat conduction solution Is 


dT = __k_ a 2 ,? (3-2) 

Ft" p m 
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Using the following boundary conditions 

T (y,0) ■ T { 

T («i t) ■ T| 

amtL B jL[T -T(0,t)l 

by k 1 w 1 


(3-3) 


Ass u min g that the surface is subject to an instantaneous and constant heat transfer 
coefficient a closed form solution is obtained (reference 17). 

_ l-c w erfcw (3-4) 

T • - T. 


where 


At melting, the snrteee temperature le ieeumed to be the seme *s ^ _ 

. . , i tt . n ot> if m <r to f a c ilit ate data reduction, the tunnel stagnation »mpera 

J&d theadiabatle wall temperature, T,*. Then the wlueof 
the tolt trenaterleffloleut, h, will be independent of tto ^ 

» redtettouftom the 

^dSortton from the metalllcpMt ot the model. The therfflophyeleal properties 
of tie silicone rubber material used In this test are 


p n « 32.2 lbm/ft 3 
6 • 0.304 Btu/lbm-°F 
k » 0.28 x 10" 6 Btu/sec-ft- F 


The phase change paint patterns or isotherms, photo-recorded on 
discrete time intervals were projected on a table for mflthod o MSefl ted 

were traced and the heat transfer coefficients computed by the 
above These oo eH tctevto were then ratioed to the theoretical heat transfer coeffi 
dZm at the stagnation point on a scaled one-foot radius sphere using the Fay and 
equation in the following form (reference IS). 
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I 0 * 26 

» p (l>»^ 0 ' 1,p s l ‘« l ‘ (®V 1 - P . /I vl (8-6) 

Since the modeMoale is 1.6%, r-0.018 it for « ““““ 

computed for the scaled sphere arc also presented In Table . 

3.2.2 mKT TRAN S fER D^M ^g_, M Uotherfflll W er the pcd, obtained 
Typical heat transfer disttlba i* h to Figure 3-8 and for comparison 
from the phase chan* • »•» Edition. Indicated for the 

Figure 3-8 shone oil flow ™ioiu otter the pod from win* induced vortex 
l 6ta Ros^Sr»eratlng, the flow over the pod becomes 

separated over a suable region dieadrf mtetactton. 

!rr‘mairggag*«»»i.'‘ 

Stui remain high when compared to «te case without nte o. 

Figure 3*10 shows the effect of ^^^^“cf^tTCTa-U 
n- f ue f to become more symmetric around the centerline oi 

shows the effects at 5 degrees windward yaw. 

Also shown is the angle of yaw efte t* 3 «. 2 i ndicates that abound the 

double the heating rate from » ^toWeZea that of the 

pod, without let interaction, the heating lev el otlglBatlng f ro m 

inteSon Lw peak heating values higher 

r^^^eTen mo^a. noted In the Isotherm data the wing vortex 

is displaced. 

Using the 0<,r r® 1 * 2 * 0 ®^bt»f. e ^^j®^^2J^^^^^ | ^^ 1 ^^ ^aiu^mrUhe 01 * 
tea, at AEOC Tunnel B prweatea L?J? Fririteg^P^tlon is shown for the peak 
location over die model were w^ J « tbetetk mating value, when local 

o e n t^rHfifi and off cefttetlins distributions . 
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Table 3-5. Heat Transfer Test Conditions 
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3.3 FORCE DATA SUMMARY 

Table 3-3 and 3-4 Summarized the force data runs which were obtained at NASA-ARC 
and NASA-LRC respectively and this section will briefly show Some representative 
data which was obtained. Complete force and moment coefficients are shown to 
illustrate the magnitudes of the changes caused by the RCS jets relative to the total 
vehicle aerodynamic coefficients. Interference data which is computed as the differ- 
ence between Jet on and off data are also presented. Reference 1 presents the force 
data in greater detail. The analysis of this data will be presented in Section 4. 

The balance measurements with the jet on included the basic vehicle aerodynamics 
plus the induced load from jet interference.. The definition of amplification factor 

Id* 

AC M. (3-6) 


where 


K *» force or moment amplification factor 
M 


AC Mi 


a incremental force or moment coefficient 
induced on vehicle by jet 



jet force or moment coefficient 


The incremental induced effects was computed from the difference between the 
jet-on and off data. 


iC M t ‘ Cm ) ' 



(3-7) 


where c M ■ measured force or moment coefficient with 

1 Jeton 

Cjyj s measured force or moment coefficient with Jet off 

Because the incremental values can be very small and thus sensitive to data scatter, 
the mean values of the jet-off coefficient data were used as the best estimates of 
the Langley data at its mean value of angle of attack and this corrected for the angle 
of attack difference from the mean to the jet on case. 
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- P, 


•) 


(3-11) 


where 


T = thrust ~ lb 

, 2 

A - nozzle throat area~ln 
T 

, 2 

A * nozzle exit area~ in 
E 

y = exhaust gas ratio of specific heats 


P m ambient pressure ~ psla 
* 

P * nozzle exit pressure ~ psla 
P 0 j » nozzle chamber pressure ~ psia 

The nozzle throat area was computed from the nozzle calibration data, the^ 
exit area was computed from calibration data throat area and design expansion 
ratio* the nozzle exit pressure ( p j ) was computed from chamber pressure (oj) 
and design m ^ nia<nT1 angle, P was assumed to be tunnel ambient pressure and wa 

Shd Po) norale ohamben praraura which was recorded 

for each data point. Tina point to point variation In thrust due to supply Pleasure 
and tunnel operation Should be accounted for In the thrust force and moment ooefft- 
cients and in amplif ication factor presented in this section* 

3 3.1 BASIC configuration data - Figure 3-14 presents the effect of Mach 
number on the vehicle aerodynamicswithout RCS operation as a function of angle of 
attack. The normal force data Figure 3-l4a and the axial force data Figure 3-l4o 
show typical decreases in foroe data with increasing Mach number at constant angle 
of attack while the pitching moment Figure 3-14b shows an increasingly nose up 
moment Illustrating the Increasing importance of nose and leading edge bluntness 
effects and decreasing leeward surface negative pressures at higher Maeh numbers. 
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q <i 9 VAW JET DATA - The yaw thrusters are fired on one side at a time for 
’ \ , A« fih owtTin Figure 1-3 the yaw engines fire over the tailing edge of 

pressures from 35 pala to 600 p sla. This data shows that the yaw jet lnd “° “° 
algnlfloaat ^change la normal foroo and axial force There Is. however a 

chamber pressure* 

q i ft an H 9 _i 7 nresent the incremental force and moment data as well as the 
stdeferoe~and yawing moment amplification factors at the scaled flight wndltten s 
• where° f reestream nixie 

The Incremental yawing moment data htu indicating very little adverse 

zero and the amplification factor UeabetweenOa^ 10 Wloattngvery 

Mo Oh 4 o was only 100 psia for matching and a probable error a Ky* of 
m Ch 4 :°. TJ!-- y ^ Figure 3-18 shows the dose agreement between the 

Mach 4 0 and Mach 7.4 data when compared on a pressure ratio matc ^° y* ^ re 
there may be a slight pressnre 

but no dlsoernable Reynolds number effect over the range from : x lO 
5 x 10 6 /ft at Maoh 4.0. The effect of yaw angle from .5 to ° 

Figure 2-20 where positive yaw shows a slight gain In yaw ampUfloatloh. Figure 
3-21 Bhows that Jet supply pressure effects are negligible on >** * ^ 

Figure 3-22 shows moxe dearly the pitch up and roll induced on ^e vehicle. 

Figure 3-23 shows that the yaw Jet plumes are apparently bent over 

the wing. 

SSSksskss 

~ «• css isssaJr 

increased while the pitching moment shows a large nose up pitching momen 
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venerated sufficient in size to counteract the basic configuration moment and trim 
tiie vehicle at 15° angle of attack for the highest chamber pressure tested. The axial 
force which includes base pressure decreases with increasing nozzle chamber pressure 
TZTmTt the highest pressure tested. The latetal-dtreetlonal data does appear 
to show a strong angle ot attaok Influenoe on the changes Induced by chamber pressure 
with the induced effects being strongest at the lowest angle of attack. Positive rol 
Jets operate .induces a negative rolling moment on the vehicle which opposes the 
control, a nose right yawing moment, and a side force to the left. 

The incremental rolling moment data at scaled flight conditions (Figure 3-25) shows 
that the right wing down roll Jets induce a left wing down rolling moment on the 
vehicle. The net result is a decreasing amplification factor with taatwOag angle 
of attack with complete cancellation (K A = 0) at about 20 degrees angle of attack and 
roll reversal at angles above this. Figure 3-26 shows good agreement between 
Mach 4 and Mach 7.4 amplification factor data at the same nominal P^ ssure ^ 
indicating small Mach number affects except at the highest angle of attack. Figure 
3-27 shows a strong effect of supply pressure (and thus momentum ratio) at lower 
angles of attack with an abrupt reduction the incremental rolling moment at angles 

above 28° . 

The effect of operating the two sides of the roll control separately is shown in 
Figures 3-28 and 3-29. The plume interference with vertical fin flow is st ong y 
dependent on angle of attack (Figure 3-29) decreasing as the body shield the fin 
from the flow!tn contrast the data of Figure 3-28 shows thattheiiriuc^r^f^m 
the plume interaction with the wing flow is essentially independent of angle of atta 
and is of sufficient magnitude to completely cancel or reverse the <»ntrol inp t. 

Figure 3-30 shows oil flow visualizations of the interaction of the plumes with the 
wing and vertical fid. Note the difference in flow in the wing in views a and b in 

particular. 

The induced effects shown in Figure 3-24 are shown in incremental form in Figure 
3-31. The roll jets induce a small reduction in normal force, a sizable nose up 
pitching moment, and a large reduction in axial force which must all be due to the 

plume/wing flow interaction. At the same time the PjWfln 
a large favorable yaw at moderate angles of attack. The induced side force, and 
yawing moment appear to be sensitive to angle of attack 

pitching moment are most sensitive to nozzle pressure and largely independent of 
angle of attack. 

In summary, the test results show that the roll control thrusters induced torge count- 
eracting loads on the vehicle at all Mach numbers which result in very low control 
effectiveness and even reversal. The problem was shown to be largely due to the 
plnmn interaction with the wing flow . 
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4 NOSE DOWN PITCH DATA - The pitch Jet effect data were obtained using the 
pitch jet on one side only on the assumption that the cross feed effect are small. 

Mom recent Rockwell data has indicated that the effects are small but significant in 
terms of reducing amplification on the nose-down pitch Jets as the plumes impinge 
on ihe body flap and feed across the base of the vehicle. The single side data does 
indicate the trends and cross feed is a secondary effect. 

Figures 3-32 to 3-35 present a summary of the nose down pitch data obtained in 
these tests with Figure 3-33 showing that a pitch reversal was experienced at all 
Mnr»h numbers tested in this program at scaled flight conditions. Figure 3-34 
<;how8 a large variation in the incremental pitching moment as a function of supply 
pressure but a zero amplification at all pressures. This curve clearly indicates 
that momentum ratio is the primary parameter controlling pitch control interaction. 
Assuming symmetric firing of pitch nozzles, the only other induced force should be 
an wdal force which is shown in Figure 3-35. This figure shows the same sensitivity 
si dal force to supply pressure seen in Figure 3-31 indicating again it is die plume 
down onto wing and body flap which is the primary problem of the roll control. 

3.3. 5 NOSE UP PITCH DATA - Figures 3-36 and 3-37 present data for the nose up 
pitch jets firing past the fin, again tested with one side firing only. The data show 
some scatter at higher angles of attack on Figure 3-37 but increasing supply pressure 
Drills the data closer to an amplification of 1. The accuracy of die data improves 
at higier supply pressure and die interpretation of the data is that no appreciable 
pitch interference is experienced for these Jets. 
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Figure 3-1. Langley UPWT Installation 













Figure 3-5. Pitch and Boll Nozzles 







Figure 3-6. Schematic Diagram of High Pressure Gas Supply and Control 
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Figure 3-7. Most Probable Error In Amplification Factor 
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Figure 3-12. Heat Transfer Distribution Around Pod Just Ahead of Yaw RCS Jets at a ■ 30° 
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3-13. Heat Transfer Distribution Along the Yaw RCS Jets at a ■ 30* 
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Figure 3-14. Effect of lacfa Number - Jet Off 
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Figure 3-1 6. Effect of Pressure With Yaw Jet On Left Side at Mach 4. 0, Be a l* 10 6 /Ft 
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Figure 3-15. Effect of Pressure with Left Side Yaw Jet On at Mach 
4.0, Re ■ lxlO®/Ft 
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Figure 3-17 .EHect of Mach Number oa RCS Yawlag Moment AmpUflcatloa 
At Scaled Flight Conditions 





Figure 3-18. Effect of Mach Number on ECS Yaw Amplification 
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Figure 3-20. Effect of Yaw Angle on Yaw Amplification at Mach 4.0, Re = lx 10 /ft 
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Figure 3-22. Yaw Jet Induced Effects - Effect of Supply Pressure 
5 * at Mach 4.0, Re = lxi0 6 /ft 
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Figure 3-24. Effect of Chamber Pressure with Positive Roll 
Jets on at Mach 4.0. Re = lx 10® 
































angle of attacks deg 


Figure 3 " 1 


I, Effect of Supply Pressure on Roll Jet Amplification 
at Mach 4.0, Re ■ lxiotyft 
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Figure 3-29. Roll Amplification Caused bv Jet Exhausting Past Vertical 
Fin at Mach 4.0, Re = lxlOVtt 
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Figure 3-31. Roll J 
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c) Axial Force 


Figure 3-32. Effect of Pressure With Left Pitch/Roll Jet Exhausting 
Down At Mach 4. 0 
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Figure 3-34. Effect of Supply Pressure on Nose N ° mal 

Force Amplification at M&ch 4. 0, R e - 1»1° ' ft 
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Figure 3-36L Effect of Pressure On Right Pitoh/Roll Jet Exhauating 
Upward at Mach 4.0 
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Figure 3-36. Effect of Pressure on Right Pttch/Roll Jet 
Exhuasting Upward at Mach 4. 0 
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Figure 3-37. Effect of Supply Pre8aure on Noae Up Pitch Jet Pitching Moment 
Amplification at Mach 4.0, Re = lx 10®/ft 
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4.0 DATA ANALYSIS 


In order to predict the effects of the reaction control system Jets on the full scale 
vehicle, it is necessary to determine from the data, if possible, the 
which effect the plume/flow field interactions. Fortunately, the yaw amplification 
and the nose up pitch amplification appear very close to 1 so that no ualyBia t 
data was required. The side force amplification and normal force amplification are 
oMesser importance eed no analysis of this data was attempted because of the setter 
and because the analysis of the moment dsta should be applicable te data. 

There then remain five interaction effects which must be analyzed if possible. 

a) roll ing moment due to yaw control 

b) pit chin g moment due to yaw control 

c) r olling moment due to downward firing engines 

d) pitching moment due to downward firing engines 

e) r olling moment due to upward firing engine 

f) yawing moment due to upward firing engine 

Hot all of these lateractlou effects are of ecpml importaece, the probte ms c d uose 
downward pitch amplification and roll amplification are the most Important by far. 

edited amount of data analysis has been done on all of these Interaction 

effects. 

4.1 EFFECTS OF JET EXHAUSTING TOWABD WING 

Section 2.1 presented a number of possible correlating parameters and Figures ^- 1 
to 4-11 present the incremental pitch and rolling moment coefficient data obtained 
from LRC runs 41 thro^h 53 as well as the Mach 7.4 data from Ames run 38 correlated 
against a number of these parameters. These runs were used because the ordy Jets 
being used are the pitch/roll Jets exhausting toward the wing and body flap. Figure 
4-1 shows a strong correlation at all Mach numbers (2. 5-7 . 4) and Reynolds numbers 
(1 x 10®/ft and 3 x 10 6 /ft) for the incremental rolling moment with momentum ratio. 

The pitching moment data also shows strong nearly linear correlation except for the 
Mach 7.4 data. These same general results are shown in Figure 4-2 for thrust ratio , 
Figure 4-8 for exit pressure ratio, and Figure 4-9 for the ratio P 0 jAjco* T *“ s "M eX ~ 
pected since all data at all Mach numbers was obtained from one one 

nozzle these parameters are constant factors times momentum ratio. In figure 
correlation of the data versus mass flow ratio show a very interesting trend. The 
incremental pitching moment at Mach 7.4 shows good correlation with the other 
Mach number data while incremental rolling moment is slightly poorer. The good 
correlation of the Mach 7.4 pitching moment data could be taken to mean that mass 
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flow ratio is the most important parameter not momentum ratio, but for a fixed nozzle 
based on nozzle exit area the mass flow ratio is equal to the square root of momentum 



ratio times temperature ratio and this is interpreted as a possible temperature ratio 
effect in addition to the momentum ratio effect. Figure (4-4) shows the tunnel data 
was obtained at 4 kinetic energy ratios which consists of the product of temperature 
ratio and Mach number ratio. Tils figure shows that temperature effects must be a 
secondary effect compared to momentum ratio. Figure 4-5 shows a good correlation 
of the data at Mach 4 with the Mach disk height Jet interaction parameter, given by 
2-1 which also relates to momentum ratio at fixed Mach number. The lower Mach 
number data being off of the Mach 4 line leads to the interpretation that momentum 
ratio is the better parameter. Strike (reference 19) correlated Jet interaction data 

) to a parameter * based on an application of the blast wave analogy to the Jet inter- 

action phenomenon and has the following form 

< 

f 

♦- ((V»„) M . 2 < K X t >" 3 A )V d t /<0/e » <4 ' 2) 

i 

j where 

I c ** wing chord length 

I x t ■ n \ 


K « 1 + 


(i + — m 2 )/ P i °l ' -l 

V 1 J W\) 



0 * 



1 



h 




V 

er> 

T" 


R 

00 
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In this correlation parameter, all the jet properties are referenced to the conditions 
existing at the nozzle throat instead of the conditions existing at the nozzle exit. The 
da ta of Figure 4-6 shows good correlation at Mach 4.f but the parameter does not 
work for the other Mach numbers. A correlation against plume initial turning angle 
is shown in Figure 4-7 where again some correlation is seen within the Mach 4 set 
but not at the other Mach numbers. The Mach 7.4 data on Figure 4-8 argue against 
exit pressure being a prime correlating parameter except as it occurs in the momen- 
tum ratio. Section 2. 3 suggested that if a near vacuum plume impingement analogy 
were the pr imar y cause of the induced loads then plume size and Poj/ p » from equation 
2-24 or Herron 1 s parameter (reference 11) would be good correlating parameters. 
Figures 4-10 and 4-11 do indeed show that these parameters do correlate with the 
data at Mach 4. 0 but again the other Mach number data must fall on different curves. 

On an overall basis it appears that momentum ratio is the primary parameter 
causing the induced moments and that all other parameters are secondary. 

PLTJMV. IMPINGEMENT EFFECTS - If moment ratio is the primary parameter, 
is it because the plume impingement loads are the predominant effect? In order to 
answer this question and to be able to correct the data for the fact that the model 
pitch down nozzles were out of scaled position due to model stress requirements, 
the p hi^e imping ement moments were estimated using the 5 point method (equation 
2-20) to dpfl™* the plume radius at the wing and body flap based on an equivalent 
sin gl e n crv-ie (area equal to the sum of individual nozzle areas). Isentropic flow 
expansion was assumed from the nozzle to this area. Since the plume Mach number 
was high, a modified Newtonian approximation was used to define the stagnation 
pressure at the plume centerline. This stagnation pressure was assumed to apply 
across the entire plume radius since the buildup of body boundary layer from plume 
flow would keep pressures higher than the source flow assumptions of equation 2-25 

and it should be a conservative assumption. 

Figure 4-12 presents a sample of the prediction of pitching moment resulting from 
pbimft imp in g ement at the Mach 4, Re ° 1 x 10®/ft test condition. Note that 
most of it comes from the body flap which is due in part to the pitch Jets being in- 
board of their scale location, but is also an indication that the primary part of plume 
impingement effects is on the body flap and in the base region. 
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4 i 2 PROPOSED EMPIRICAL MODEL - Since Figure 4-12 showed that most of 

the plume Impingement occurs in the body baseregion, *e ' 

ment rolling and pitching moments were removed from the incremental data of 

Figure 4-1. 


oc °*v c l 

W 1 Imp 


(4-3) 

'Snt‘ ‘° m ' Smp 


(4-4) 

The resultant Interaction Increments are shown In Figure 4-13 
momentum ratio and from which the expressions 

as a function of 

L C. =-0.00012805 

hxA 

\ 0.71236 

7 

(4-5) 

•r. =+0. 0002637 /J 

& %nt {< 

. .1.03824 

W 

(4-6) 


were derived. 


Attempts were made to find ways oi improving the correlation and to correlate 
bas'jd on the ratio of the Interaction Increment to Jet moment as is done In amplifi- 
cation factor. Figure 4-14 shows that this results In much larger scatter at the 
low momentum ratios where thrust moments are near zero and no better a»rreU- 
tions could be found at tills time. Thus, the proposed empirical model of Jet 

effects Is: 
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a) 


rdl control 
I rolling moment 

C * C + 

^induced D a 

where C; will be defined in Section 4.3 


and 


a 



C. + ac 
Imp 



C = predicted impingement rolling moment 
A imp 


AC. • equation 4-5 

hat 


n pi tching moment 
C 




r = predicted impingement pitching moment 

m imp 


AC 


m, 


equation 4-6 


int 


b) pitch down control 

C "W.'Sn.p +2(4C "W 

C * predicted impingement moments 
“imp 

A Cn Hnt " e ^ uatlon 4-8 


(4-7) 


(4-8) 


(4-9) 


(4-10) 
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- . np jet EXHAUSTING PAST FIN- The data from Langley UPWT runs 

y jSSSSHSSSas: no a ry.4 <uta ««. 

Mtowvmn useojn tv. reaction lets mounted on the right aide of the fin 

rSSraa»^==KS5ff 

££=«£&» ssssssssi 

induced effects disappear. 

r remove j angle 
appreciable success. A correlation of the incremental data ratioed by the RCS 

momentum ratio showed that using such a parameter 

increases the scatter as the thrust moment approach zero. 

Therefore a correlation was made of the peak Induoedegecm ng»b* 
vZ,Z 4-17 Shows that a rather consistant trend was found for the angle of attac* at^ 
wSh the peftkineremental loada occur when Hotted agatnrt Jet momen tum ratl o-^n 
w . . _ lso of fiie data trends above 30 degrees and it appears that 

<* fin ftonppto. A correlmlonof the p^k 

X was alao made against momentum ratio and ttte following 


A c, = - . 000087037 (- 

V. 98545 

s 

(4-11) 

P V 



aC « 0. 00011216 
“p \*< 

L y.06,6 

(4-12) 


and these curves are shown in Figure 4-16 e 
Compariaona were made between the elngie jet emaunting 

for complete roll control with the Jet down data removed. ™s data on the 

leaa Zctlveneaa to the Jet exhwistlng upward «7f^ M "pU^C 
body (see oil flow data in reference 1). and ecpiatio 
0. 46 to account for this oouiding effect. 

4. 2. 1 EMPIRICAL MODEL - Equations 4-11 and 4-12 can be oondxlMd Iwi 
Figure 4-17 to predict the peak yawing moment and rolling moments of the 

Jet exhausting past the fin and the angle of attack at ^ 

on Figured shows a sine curve shape for the data above and below thepeak 
value angle of attack. Thus, the proposed empirical model for this part 
control becomes: 
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a) 


b) 


rolling moment 
I a > 30* 


n 


c 4» "« 
< W < " <39 ’ 


Of . 8 f 
peak 


{from Figure 4-17 


tfit 


& 

lC ‘p* ln (^(”-v*)) 

• ,46 &C from equation 4-11 


m of ^ peak 
C. 


&C sin 
*P 


yawing moment 

I of >39* 

C = 0 

induced 


(t- -^) 


"peak 


<of < 39 


peoK v v 

Swtaoed" » c n p “*“(#■( 

A c np * rom ©QJ*®***® 4 ” 12 


HI of < of. 


peak 


-*S“ (i- ^r) 


(4-13) 


(4-14) 


(4-15) 


(4-16) 


(4rl7) 


(6-18) 


No impingement corrections have been attempted with this data at this time 

but such corrections would be important for higher altitude simulations. 
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4. 3 EFFECTS OF JETS EXHAUSTING OVER WING 

Finite 3-15 showed that the yaw Jets did induce a nose up pitching momcntand a wing 

down rolling moment and the Incremental induced data from Langley M 
ZLh Mas well as two Mach 7.4 runs were analysed to see if correlations were 
pMsMe^for these induced effects. All yaw da. was obtalnedwith *e imw Jets on 
the Lit side creating a negative (nose kft) yawing moment. Figure >4-18 shows 

these Jets Induced a left wing down (negative) roll and * ^ pl “!** tod 

which increased with increasing angle of attack up to the highest angle tested. 

Figure 4-19 shows that there is a correlation with momentum ratio ^ 
scatter from other iactors.princlpaUy angle of attack, is very large. AU corrections 
of the incremental data showed this large scatter so correlations were made with 
the incremental data ratioed by the yaw thrust moment as shown in Figure 4-20. 

Note the change In signs caused by the negative yaw thrust moment. 

Figure 2-21 showed that the angle of attack determined to a large degr ee the extent 

Of the wake region at the exit plane of the yaw norales and Figure 4-21shows two 
parameters which were generated baaed on this hypersonic approxlnmtlon in an 
ramrnpt to account for angle of attack effects. The first of these parameters Is the 
distance along the centerline of the norales from the nozzle exits to (he edge of 
trakeMregtonOTedge) and the second parameter is a measure of distance from the 
plume maximumdlameter (Y^ to the edge of the wake 

The plume distance to the maximum diameter was determined from the five point 
lethtif^e - W is negative the plume tile, to penetrate ^theflow. if 

r^lts X incre^ntal induced data with these parameters. Tbe -^J ^‘ 
a strong correlation but the momentum ratio or other thrust related effect still must 
be taken into account. Figure 4-24 shows the Induced data rattoed by thrust moment 
again which removes most of the momentum ratio effect on rolling raw*"* tom 
althou gh adding scatter at low thrust to the pitching moment data. The straight 
lines shown on this figure represent the data correlating equations: 


* C 1 - 0.014036 / Y Mftfl-frsS£V 0.1395 

Cnr \ / 


L 

c 


C m „ . 0.031956 / Y edge - Y J^L\ - 0.44956 
nr \ d equiv / 


(4-19) 


(4-20) 
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4.4 EMPIRICAL MODEL SUMMARY 

Based on the observed data of Section 3 and die data analysis of Section 4, 
reco mmend ed empirical model for RCS thrust effects is: 

4.4.1 NOSE UP FITCH RCS 

C “control * ^“thrust 

4.4.2 NOSE DOWN PITCH RCS 


m 


control 


* C “thrust + AC “imp + ACm ind 


AC 


“ind 


>0.0005274 


(*) 


1.0328 


* predicted impingement (both sides) 


4.4.3 ROLL RCS 
I C 


a C + C + C 

^control ^thrust *tmp Hnd 


Cjtimp “ P redicted lm P ln 8 ement t 1 J e1 * 


ind 

V“ 

a) a>3y 




^^thrust 0.00012805 / * j \ 

POT \ *•/ 


0.71236 


v° 


b) 


"peak 


<cr< 39 


"peak 


® f 


(-h) 


Figure 4-17 




C, • AC # sin/ J-/ 39 "g \\ 

*“ *• \*\ 3 »*W/ 


&C. s - C thrust f 400040037) £iL.\ 
** |C“ I U„/ 

^thrust) 


.98545 


the 

(4.21) 

(4. 22) 
(4-23) 

(4-24) 

(4-25) 

(4-26) 

(4-27) 

(4-28) 

(4-29) 
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c) 


a <a 


X 


IP. sln/jL 2 — ) 

' 2 “peak > 


n induced yaw 

a) “> 39 

C * 0 
“ind 

b) “peak<“ <39 ° 


n ind 


* AC_ sin 


C ^thrust 

MV = - .0001216 

* ?xZj 


, v 1.067( 

te 


c ) a< a. 


peak 


C 8 iCn sin [ JL. £L — . ) 
“ind ^ \ 2 “peak / 

ttt induced pitch 
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4.8 SCAUNGLAWS 

The empirical model of the proceeding section broke the total inducedload into a 
component caused by plume impingement and an induced component and scaling 
wast account for these two part., of the total problem. It also appears that the 
Pi lin g of one does not result inlie scaling of the other. 

45 1 IMPINGEMENT - The empirical impingement model of section 2. 3 related 
both the plume impingement pressure and area to the plume diameter 
the Newtonian pressure approximation, and isentrcpic expansion assumption. The 
plume diameter was then specified through a parameter which is approximately: 

/ \* 7398 / p V ' 51Z 1 

W» vt) a * 




(4-40) 


Thus to obtain a good approximation of the plume impingement loads it would appear 
that a scaled nozzle diameter, expansion ratio, exit angle, and chamber pressure to 
ambient pressure ratio are required. These requirements do not appear to be 
consistent to the scaling required for the interaction part of the problem and it 


COuBloUUlV W un? owcuuift * 

would appear that Impingement data should be obtained wM> eogey^ilee la 
..ouum chamber where would be corrected for <1+ Y . It alt 


also appears 


that the impingement part of all wind tunnel test data should be estimated and corrected 
out of the final interaction data. 


4 _s. 2 . INTERACTION - The empirical model of the proceeding section shows that Jet 
exit momentum ratio is the primary parameter to be matched to scale pitch data to 
full scale and the thrust coefficient is the basic parameter for yaw data scaling. 


The Mach 7.4 pitch data of Figure 4-3 also indicated a possible effect of tempera- 
te ratio as does the Jet interaction data of equation 2 -24 although Thayers criteria 
indicates that such effects should be small for these monopropellant thrusters. 


data does not exit from this test to isolate other parameters and at this 
time, the recommended procedure would be to match momentum ratio, thrust ratio, 
and temperature ratio in any other test to obtain a scaled nozzle and to correct the 
resulting induced data for the predicted scale nozzle impingement to obtain the 
interaction increments. 


4-12 








AC “• 00,0 ° 

l 


>.00400 


m .01000 


.00900 






1 

I 


□ 


Mach 

2.5 







Mach 

□ 

2.5 

* 

2.95 

0 

4.0 

A 

7.4 












Mach 

2.5 

2.95 

4.0 

7.4 








.ooooo 


-.00*00 


•.ootoo; 

.03100 

.03000 

.00800 



m .03000 


•. 00800 ] 


•.01000 


Figure 4 -7. 



Mach 

2.5 

2.95 

4.0 

7.4 


















to 









* 1 9 i onxx} IffToiio to.ooo 40.000 wJ.wii 


Momentum Ratio 

Figure 4*13. Incremental Data Corrected for 
impingement Correlated with 
Momentum Ratio 



















CASD-NA 8-73-020 



8ep~qoettV JO ©tftiV 


4-29 


Figure 4-17. Peak Incremental Load Correlation 
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5.0 AEROTHERMODYNAMIC PERFORMANCE 

The severity of the aerodynamic heating during entry Is presented In Figure 5-1 
which Is the reference heating rate to a one foot radius sphere. The heating 
Mstory was computed from the Convair P5613 computer 

It Is noted that during the high aerodynamic heating portion of entry, the pitch an 
roll control thrusters are essentially non-operative, while the yaw truster® °P era 
through the total heat pulse of the Induced environment. Therefore, only the effect 
of yaw thrusters Jet-stream Interaction need to be considered In this analysis. 

The RCS thrusters located on the aft fuselage pod Is shown In Figure j^2 with 
I^srfTtft rear modal., a cross sectton through*. Pod aad*.TM arrange 
meats and average dimeasioos as obtained from reference 21. As noted the pod 
wUl also Include the orbital maneuvering system (OM$ oxydlzor and fuel. Each 
r...... win contain 2 monopropellant heUum pressurized tanks (hydrazineN^) 

mCpir 12 EC3 thrusters using catalyst beds for propodlant decomposltton to 
provide arbiter pitch, roU and yaw control. The TPS of the pod c«sl»tm of a 

ceramic reusable surface Insulation (CRSI) which U a ncf 

. water-oroaflng ami handling protection. The CRS Is bonded with 88 Pcf 

isolator <8) pad which Is, In turn bonded 

to the aluminum structure with RTV. The maximum allowable 

for the CRSI Is 25OT F. Also, a minimum thickness of 0. 6 Inch for CRSL la esttb- 

l£hrf tanning and fabrication ocnslderatlon. Sizing of the TPS over the pod was 

done by Rockwell International from theoretical aerodynamic heating simulation using 

t nmximum temperature limit m the SI f»d of 860-F or a 35<FF 

oerature on the aluminum structure during entry. The TPS dimensions shown in 

Figure 5-2are representative for the pod. A coating over the CRSI external wriace 

wStave an o /« = 0.6 with e - 0.8. In addition, the TPS will include TO 16000 

insulation behiSd the aluminum structure to protect die RCS 

hydrazine propellant and lines to the maximum temperature Umlt of 1W F. ifftoe 
more, heaters are required to maintain the propellant above the oold limit of 40C F 
during the orbital operation. 

In order to parform the RCS module and OMS pod TPS analysis the heat flux experi- 
enced during the entry trajectory from the peak yawthrustore IMer- 

action is required. The yaw thrusters which are used itwo at at 
to be operative through the majority of the entry trajectory# . 

»„eSL. presented In Section 2 fo. *e perit pressure. the 
heating and the peak distance from the Jets were utilized CorrecUonfortoeJe 
gas temperature. Jet gas molecular weight and Jet ottering 
from the experimental data. The heat transfer results obtained at NASA Ame 
3. 5 Ft HWT were then used for the extrapolation to flight. 
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The flight jet to tree 

ssssssEr^^ 

^SSCtter^ Tto £ Interaction P*^ »«»ta 

r rrcr.rrr^. 

2?S?S^ , SSte 

the eflecte of Mee t mimbe ^ e of 5‘ will double the heating environment. 

^Th^ohTutllml JfLetty V. the eft Portion.! the pod and tint at the high 
altitudes the peak will move well upstream over die pod. 

5. 1 POD STRUCTURAL HEATING 

^Tte addition, reaming the C = pe = » ££> 
thermal properties data defined In reference 21. A simplifle 

T* *t .nXaia was used since the low thermal conductivity of the CR3 and toam paa 
« "c^e^ rZclng tte peeking «mperature from lateral oond«o- 

tlon. 

The reeulte for the tranelent external eurface temperature of the CBS .represented 
to Figure 5-6 wUh ^^rrCever. tee foam 

Z induced from tee etegneflon Hue of tee wing vortex reattachment (800- F) and the 
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let-stream interaction (1200 s F), assuming a constant CR£ coverage of 1/2 inch over 
the pod. Resizing of the CRSl was then accomplished and the thickness required to 
take the peak heat loads from Jet-stream interaction is found to be 1-1/4 inches, from 
Figure 6-7. It should be noted that this CRSl thickness requirement will be applicable 
only to the aft portion of the pod and over the RCS engine module as indicated by the 
peak distance location in Figure 5-5. 


I 
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6.0 FULL SCALE RCS CONTROL EFFECTS 

In order to predict the full scale control effectiveness and I nd uc ed effects of the 
monopropdlant hydrasine reaction control engines during die PRR configuration 
ontry it was necessary to combine the empirtosl model presented In section 4 with 
die vehicle geometry data and engine data of Section 2, the plume impin ge m en t 
m«A>i of Section 2.3, and the trajectory data of Figure 2-25. The data was genera- 
ted using die mean «""'»* Konnarfy reference atmosphere as the model atmoqihere 
for computing the flight conditions along the entry trajectory. 

The ratio which represents one of the most important scaling parameters 

te shown in Figure 6—1 as a function of Mac h number »end is based on nossle reference 
area« This figure shows that the momentum ratio remains fairly low and within the 
region of die test results up to a Mach number of 28 which occurs at an altitude of 
over 250, 000 feet on die entry trajectory used in this study. TUus die results up to 
this Mach tauaber lie within the range of die empirical model of Section 4 for the 
parameters based on momentum ratio and pAl rs po latton s are only made shove tills 
during the very early portion of die entry where the free stream dynamic 
pressure is very low. Figure 6-2 presents die thrust coefficient for a single reaction 
control jet based on wing area as a function of entry Mach number to illustrate die 
increasing magnitude of thrust forces to aerodynamic forces at the very high altitude— 
Mach conditions. 

In the inti gHmUnai and lateral-directional control effects presented below, the moments 
are referenced to a wing area of 3225 ft^ and are taken about a center of gravity 
location at 60% of body length. A wing mean aerodynamic chord of 43.8 ft is used for 
pitching moment reference length and a wing span of 84 feet was used as yaw moment 
and rolling moment reference length. Two nosslea were operated fox control. 

6.1 PITCH CONTROL 

The empirical model shows that the nose up pitch control Jets create no interaction 
jinA it viu o e no other aerodynamic loads, thus, the nose up pitch amplific ation is always 
1.0 and tiie ma gnitude of the pt t4 <n g moment is equal to the thrust moment given in 
Figure 6-3 as a function of entry Mach number. 

The noee down pitch control moment is given in the empirical model as the sum of 
toe thrust component, the Im ping ement component, and the interaction component. 
Figure 6-3 shows the total pitohlng moment of the noee down pitch RC8 Jets as well 
ss the impingement component the magnitude of the thrust component. The sign 
of the thrust component would be negative (-) if it were shown on the plot. The total 
moment of the noee down pitch control is nearly sero at aU Mach numbers which is 
caused by the noee up Impingement and interaction moments counteracting the nose 
down thrust moment. Figure 6-4 shows that die nose down pitch control has some 
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effectiveness at the lower Mach number. but control reversal is 
highest Mach numbers. Figure 1-1 shewed that the primary use of pl^ contact is 
»t the highest Mach numbers where the controls become Ineffective. 
also shows the large magnitude of plume impingement effects at these bigs Mach 
numbers and demonstrates the Importance of obtaining scaled plume 
data as suggested In Section 4 In order to make better estimates of oontrol effective- 
ness a t these high Mach numbers. 

6.2 ROLL CONTROL 

The roll control data presented In this section was gen era ted at the nomln^a^lesof 
at ta ck during entry given in Figure 2-25. The roll control effectiveness and induced 
yaw effect are very sensitive to angle of attack through equations 4-28 to 4-32. 

Figure 6-5 presents the magnitude of the thrust rolling moment, the total rolling 

moment, and fee magnitude of the impingement moment. The impingement moment 

always acta to oppose the thrust moment white the total moment has the Resign. 

Figure 6-5 shows that the rolling moment has its lowest effectiveness in the inter- 
mediate range and increases at fee higher Mach numbers. This is in targe 
part due to the increasing nominal angle of attack (to S4 # ) at the highest Mach 
numbers. Roll oontrol effectiveness would be sharply reduced if the angle of attack 
Is loss ft 1 ** 1 fit fh6S6 Mach numb ers • 

The juSnoeA pitoh and yaw caused by the roll control are shown in Figures 6-7 and 
6-8. The pitoh is always nose up (+) and is caused by the ^ ®* han8t jj® 
downward interacting with the wing flow. The yaw moment is low because ofthe 
high angle of attack on the nominal trajectory but will always have the same sign as 
toe thrust rolling moment. 

6.8 YAW CONTROL 

The data of Section 3 showed that the y«w ampllfle^on waa very ok*, to 1 andd" 
empirical model eeeumes that ttte 1.0 which means no Induced yew moment. Urn. 
yawing moment la equal to magnitude to the yew three! shown In Figure 6-9. 

The yew control doea Induce a none ep pitching moment end & win* down rolling 
moment ae .bows in Flguree 6-10 end 6-11. The pitching moment to ^aeoee up 
<+) beoauae the yew Jet. lntetaot with the now on the trailing edge of the wing while 
the sign of the induced rail le always the enme ne that of the yaw thruet moment. 

Both of theee ourvee peak In the Intermediate Mach range where the correlation para- 
meter » v Y— ..i/de) beoomea more negative as the phone grow larger and 

Y lnereuee it the higher alittudee. Eventually die alee of the plume take the 

^IS^C^Trm«.»hmradh. three to*.. Thra the high Mrah dm. 
becomes very doubtful until mom test results can extend the data range. 
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Figure 6-1. Momentum Ratio During PRR Entry 
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Figure 6-9* Yaw Control Moment During Entry 
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7.0 POSSIBLE SOLUTIONS TO ADVERSE JET INTERACTION 

S ec tio n s 4 and 6 demonstrated that there are two major problems with the reaction 
control system at Its present location; the adverse pitch up which occurs when the 
pitch down Jets are fired and the adverse roll (and pitch up) induced when the roll 
Jets are fired. Both effects have been shown to be c on nected largely to the Jet ex- 
hausting downward onto the wing and body flap and It is the resolution of these 

problems for which the following possible solutions are proposed. 

* 


7.1 ALTERNATE LOCATIONS 

Three alternate locations are suggested for the RCS as potential solutions to the Jet 
interaction problems. They are discussed in the following sections. 

7 . 1.1 wrwnwARn SURFACE MOUNTING. A full resolution of these problems 
could be achieved if the nozzles firing downward would be moved from the OMS 
pod onto the bottom windward surface of the body or body flap. In addition to 
oHmiwaMng the adverse effects* the lower Jets would act as classical Jet interaction 
controls and should have amplification factors greater than 1. The net result would 
be that less fuel would be required or possibly even fewer engines so that a signi- 
ficant weight savings may be ae* ‘^ved. Location of the RCS thrusters on the 
lower surface of the orb iter, hf ver, would result in turbulent separated flow due 
either to the nozzle cavities or co Jet interaction and high heating would result. 
Reference 3 shows however that this increased heating can be and was satisfactorily 
handled in actual tests. 


7.1.2 FORWARD FUSELAGE UPPER SURFACE. Another possible solution 
would be to move the pitch down Jets onto the vq>per surface cf the vehicle ahead 
of the oenter of gravity. Roll oould be achieved by firing both fore and aft pitch 
thrusters on the same side. 


7 . 1.3 LOWER stme mount . Assuming that moving the pitch down Jets is 
acceptable but the two previous locations are not, another possible location would 
be to these thrusters in separate pods much lower on the vehicle such as 
In Figure 7-1. The pods would be located at sufficient height for eleven 
and body flap clearance and oould be connected to the RCS tankage in the OMS pod. 
In pos it ion most of the plume should be exposed to windward side flows and a 

stroiy possibility of positive interaction and amplifications greater than 1 exists. 


7.2 GEOMETRIC CONSIDERATIONS 

S the nozzles cannot be moved to another location, there are still some possible 
thtn ga which can be done to minimize the adverse effects. 
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7.2.1. HIGHER EXPAW 8 TQN RATIO NOZZLES, The first solution of this kind 
would be to Increase nozzle expansion ratio. The empirical model generated in 
Section 4 showed data correlations with momentum ratio and, for a fixed 
chamber pressure; increasing expansion ratio increases exit Mach number which 

results in decreasing exit momentum ratio as shown below: 


j*l- P i h M )3- 
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Also, increasing pitch/roU control expansion ratio is a feasible solution since tt is 
intended to operate at high altitude only where the plumes are highly underexpand 
and not at low altitude like the yaw thrusters where exit pressure ratios approach 1. 

7 2.2 slot BLOWING. Another method of increasing the effective nozzle expansion 
r^oof thepitc^d T S gines is to add two side walls (Figure 7-2)t» the sidesofthe 
thruster module to restrain the plume expansion in the thrust direction by allowing 
the plumes to expand in the axial direction. 
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Hie slot shoul d cause die plume to spread In an axial direction and less In die span- 
wise dir ection decreasing die flume width at the wing or flap and thus have less 
interaction. 

7.2.3 BASE SIDF ptates, Hume impingement in the base region is die largest 
impingement moment as was shown in Figure 4-12. Thus enclosing die base with 
side plates as Illustrated in Figure 7-3 .should eliminate this part of the problem 
and a net gain In control effectiveness should be the result. These side plates 
should not interfere with body flap or nozzle motion and probably do not need to be 
as large as shown in this figure. 

7.2.4 BODY OR WING FLAPS. Retractable flaps mounted on the side of the body 
(Figure 7-4) or on the wing or elevon (Figure 7-5) could possibly work to shield 
the wing from plume flow and thus reduoe the interaction between the plume and 
the wing flow. The wing flap height would be determined by the shock height from 

2-21. Figure 7-5 shows two different wing or elevon flap combinations 
and the chordwise portion of the "b" set ootid be part of a fixed (or retractable) 
wing team while the spanwise portion would be retractable like a spoiler. Flap 
"a" would be retractable. The body flap shown in Figure 7-4 would be hinged 
at the front edge and would be closed except during early In re-entry when the 
pitch/roll enr*nes are used. The bottom of the flap will have to clear the elevons 

at their full deflection. 

7.2.6 WING FENCES. The oU flow pictures of figure 3-23 and 3-30 showed that 
most of the interaction appears to occur near the wing tip, thus, wing fences 
such as shown In Figure 7-6 may prove effective In keeping the plume flow from 
reaching the tip and/or limiting the region of Interaction. 
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8.0 CONCLUSIONS 

The interaction between reaction control nystem plumes and flow over the leeward 
of the Shuttle Orbiter vehicle at high angle of attack in supersonio and 
hypersonic flow la a very complex Interaction. The aerodynamic foroe and moments 
ge nerated by this interaction have been shown to be large relative to die reaction 
control system fbroes and generally counteract the control Input, especially when 
tiie im ping e on a vehicle surface and the control forces are reduced or in 

some Instances reversed. 

8.1 STUDY CONCLUSIONS 

1. Cold flow simulation adequately matched temperature ratio of the full 
scale hydrazine rockets for force data based on Thayer's criteria. 

2. H fit n accuracy of moment amplification data was found to be very good with 
a predicted scatter of less than 0. 1 for most test data. 

3. Yaw control interaction is small however yaw controls do induce unfavor- 
able pitch up. 

4. Roll control interactions are large causing roll reversal at angles of attack 
where the fin flow becomes important, very low effectiveness at all angles 
of attack, and a nose up pitching moment. 

5. Roll control plume effects on wing are not angle of attack dependent but 
correlate best with plume momentum ratio; all other ratios appear to have 
lower importance. 

6. Nose up pitch control interactions are small with little unfavorable effects. 

7. Nose down pitch interactions are large causing pitch reversal and appear 
to be due primarily to plume Impingement interactions on wing and on body 
flap. 

8. The heat transfer data obtained indicate that the thermal protection system 
would have to be resized at least over the aft portion of the pod due to the 
In cr ea se in heating from the interaction. 

9. The problem must be e x a min ed as two parts: 

a) plume impingement 

b) plume Alow Interaction 

b eca use the scaling parameters for these parts are not the same . 

8.2 STUDY RECOMMENDATIONS 

1. Further testing to define the pressure and heat transfer distributions on 
the upper surfaoe of the wing, fuselage side, pod and tall surfaces is 
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required* Mach number and Reynolds number effects should be 
simulated. Integration of the surface pressure will determine the 
surface loading produced by the Jet-stream Interaction. The heat transfer 
distributions will be Important to re-evaluate the thermal protection system 
on the wing upper surface tail and aft fuselage side. 


A pressure test is required because It is more diagnostic than a force test 
and will allow better definition of the parameters which affect the plume 
interaction region and the induced pressure resulting from intoraction _ ^ 
allowing the results to be used to develop an empirical model oi Interaction. 


A plume Impingement test program should be undertaken in a vaccum 
fac ility such as Ihe NASA-MSFC IBFF using exact scale nozzles to 
l 3 olate the RCS plume impingement induced loads. 

RCS yaw controls have a good location although sweeping the thrust vector 
10* aft is recommended to reduce the in d u ced pitch up. 

RCS nose up pitch control have a good location although a small (10*) roll- 
out of the thrust axis to move the plume away from the fin would approve 
the rolling moment capability. 

The RCS nose down pitch roll oontrols do not have a good location because 
pin™*, interactions with the upper wing surface causes adverse pitch/roll 
interactions and an alternate location should be sought. 

The most desirable alternate location (strictly from control standpoint) 
<vould be to mount the pitch down/roll nozzles on the aft fuselage body 
flap so that the nozzles extend throutfi it onto the windward side of the 
vehide. All Interaction that would oocur woild then be positive 
(K> ik . > i) and no canting would be necessary except if required for 
heating. Aero heating in this location is amenable to solution as indicated 
in reference 3. 

The most desirable location would be on the side of the body Just above 
t he upper devon limit canted to avoid impinging on the upper side cf the 
body flap* Positive interaction should result. 

Ot her solutions to the pitch down/roll problem might include: 

a) I ncreasing pitch thruster expansion ratio 

b) Creating a slot nozzle 

o) Forward fuselage upper surface mounting with rdl by both for# and 
aft oontrols firing simultaneously 
d) the nozzles to maximize total effectiveness 
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e) Upper wing surface fixed or retractable chord wise fences to keep 
the plume impingement flow from moving forward and spanwise on 
wing 

Application of "jet interaction" theory to this problem is limited by the fact that 
the plume is not issuing from the surface experiencing the primary interaction but 

is rather impinging on it, and that the surface is a leeward surface which to a large 

degree is already experiencing separated flow* Thus, it appears that what is 
required is a hypersonic test program In which surface presaire is measured In 
detail to ascertain the extent of the interaction region, the pressures 
induced by interaction and to isolate the important free stream and nozzle parameters 
which control the interaction. Flow visualization runs are also needed to show the 
flow patterns which accompany the pressure data so that the contours of flow between 
pressure taps can be assessed* Heat transfer data is also ?®y important to assess 
the flow imping ement interaction effects particularly for the alternate configuration 
locations* 
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